abstract PURPOSE Essential cancer medicine stock outs are occurring at an increasing frequency worldwide and represent a potential barrier to delivery of standard therapy in patients with cancer in low-and middle-income countries. The objective of this study was to measure the impact of cancer medicine stock outs on delivery of optimal therapy in Botswana.
INTRODUCTION
Recent updates to the WHO Essential Medicines List (EML) have included an expansion of essential cancer medicines in an effort to increase access to cancer medicines, especially in low-and middle-income countries (LMICs). 1 Despite these efforts, essential cancer medicine stock outs are occurring at a high frequency worldwide and represent a complex global issue. [2] [3] [4] [5] [6] [7] [8] The Millennium Development Goal Gap Task Force report in 2015 called attention to low access to essential health products in LMICs, with on average 58.1% of generic medicines available in public sector and 66.6% available in private sector facilities. 9 Research in sub-Saharan Africa (SSA) has identified weak infrastructure along the supply chain, including procurement and distribution, 10 inadequate drug supply and lack of trained personnel, 10, 11 and inaccurate demand forecasting as mechanisms for stock outs. 8, 12 Previous studies have reported extended stock-out duration for essential medicines ranging from a mean of 1 month for cancer medicines, 6 months for antipneumonia and antimalarial therapy, and up to 76 days for combination antiretroviral therapies (ARTs). 8, 10, 13 Among HIV-infected patients studied in Cote d'Ivoire, ART stock outs that resulted in treatment discontinuation were independently associated with a significantly higher risk of interruption in care or death 13 ; in a small cross-sectional study in Nigeria, they were associated with significantly higher rates of drug resistance mutations.
14 Furthermore, drug stock outs also resulted in an increase in the financial burden of care in a recent study in Tanzania showing that stock outs resulted in a 21% increase in the cost of care for malaria when compared with periods without stock outs. 15 In Botswana and other LMICs where cancer incidence and mortality are increasing, 16 outs potentially present a significant barrier to standard therapy delivery, leading to adverse disease outcomes (including cancer recurrence and survival), thereby impeding efforts to address the global cancer epidemic. Although stock outs of essential medicines for cancer are prevalent in SSA, the impact of these stock outs on the adequacy of therapy delivery and subsequent disease outcomes in patients with cancer in the region has not been studied. A prior study showed that more than 80% of the drugs included in the proposed 2015 WHO EML for cancer were also included in the Botswana national EML, and 40% of these drugs were out of stock for a median of 30 days. 8 The objective of this study was to assess the impact of cancer medicine stock outs on delivery of optimal therapy for patients with cancer in Botswana.
METHODS

Study Design and Population
We conducted a retrospective cohort study of patients diagnosed with any of the 10 most commonly diagnosed and treatable solid tumor malignancies in Botswana: cervical, breast, prostate, esophageal, lung, uterine, ovarian, colorectal, and head and neck cancers and Kaposi sarcoma. Patients were included in the study if they were age 18 years or older and had been diagnosed with any of these solid malignancies, regardless of the date of diagnosis, and received at least one dose of systemic chemotherapy from January 1, 2016, to December 31, 2016, at the Princess Marina Hospital (PMH) in Gaborone, Botswana. This site was selected because it is the largest cancer care provider in the country. Institutional review and ethics boards at the University of Pennsylvania and Botswana Ministry of Health approved this study.
Measures and Definitions
The measured exposure was chemotherapy stock out, quantified as the duration of chemotherapy stock out within a cycle interval (Figs 1 and 2 ). Dates of stock outs were obtained from drug stock and availability data prospectively reported by the Central Medical Stores (CMS) in Botswana, a semiautonomous agency responsible for tendering, procurement, and distribution of all medicines in the public sector. Stock-out duration was calculated by counting the days from the date the drug was out of stock to the date it was recorded as being back in stock. Complete chemotherapy administration data, including dates and doses administered, were obtained from patient records and a pharmacy log book with data on all chemotherapy administered in the hospital in 2016. The exposure window was calculated as the duration of chemotherapy stock out within a given chemotherapy cycle interval. We calculated the duration of a stock out by generating a code for six different permutations of possible patterns of chemotherapy stock out in association with a given cycle (Fig 2) . Pattern 1 represents a stock out occurring after cycle 1 (C1) and before C2. Patterns 2 and 4, occurring before C1, were not captured as part of our exposure, because we were unable to determine whether therapy was initiated on time or delayed; therefore, our analysis was limited to the exposure window once therapy was initiated. Patterns 3 and 6 represent periods where CMS drug stock outs are reported; however, the local pharmacy may still have some supply in stock, and therefore, patient care may not be affected despite the central stock outs. Pattern 5 was not included in our exposure for C2, day 1 (C2D1), because it occurs after C2D1 has been administered. Delineating these patterns was designed to ensure that the duration of stock out was calculated specific to a cycle interval to more accurately assess association between the duration of stock out and the therapy delivery event within that cycle. The codes were executed in STATA software (STATA, College Station, TX) to generate the number of days of cancer medicine stock out per given cycle interval (Fig 2) . If more than one medicine stock out occurred during a cycle, the greater number of stock-out days was assigned as the exposure.
The primary outcome, suboptimal therapy delivery, was defined as any of the following events: any dose reduction, at least 1-week delay in receipt of therapy, any missed dose, and any switch in intended therapy. We used the National Comprehensive Cancer Network Clinical Practice Guidelines in Oncology and the WHO supplemental guidelines to define standard chemotherapy regimens.
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We assessed several covariates, including patient clinically indicated delays in treatment, was not routinely documented in the patient records. Therefore, we implemented a surrogate measure of this potential confounding factor using the National Comprehensive Cancer Network Clinical Practice Guidelines in Oncology to identify regimens with high risk for febrile neutropenia (. 20%).
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Statistical Analysis
Descriptive statistics were used to summarize baseline characteristics and covariates for all patients. Two-sample t test and analysis of variance were used to test the difference in mean stock out per cycle for the overall group and stratified by the selected covariates. Mixed-effects logistic regression was used to analyze the association between duration of specific cancer medicine stock outs, covariates, and risk of suboptimal therapy. The covariates associated with both exposure and outcome in the univariable analyses with a P value of less than .1 were included in the mixed-effects multivariable logistic regression model to adjust for possible confounding. 19 We developed the multivariable modeling using a forward regression analysis. Age was included in our regression analysis as a dichotomous variable using the age groups of younger than 65 years and 65 years or older, because age 65 years or older has been listed in prior studies as a predictor of low dose-intensity cancer therapy. 20 The regimens were coded based on whether they were associated with a high risk for febrile neutropenia and included as a covariate in our analysis.
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RESULTS
We identified 378 patients who met diagnostic and age criteria for our study and who had received at least one dose of systemic chemotherapy at PMH between January 1, 2016, and December 31, 2016. Of these, 286 (76%) were administered therapy on a standard regimen consisting of 1,452 cycle intervals and were included in our receipt of optimal therapy analysis ( Table 1; Appendix Table A1 ). The median age at diagnosis for our sample was 51.8 years. More than 70% of our patients were younger than 65 years. Additionally, almost half of the patients included in our analysis had a diagnosis of breast cancer. A majority of the patients with stage information had either stage III or IV disease. Of patients with known intent of treatment, 51% were receiving curative regimens and 49% were receiving noncurative regimens. Of those who had information regarding HIV status (57% of patients in our analysis), 51% were HIV positive. The patient medical records had limited data on other medical comorbid illnesses.
Cancer Medicine Stock-Out Analysis
Thirty-nine percent of patients had no cancer therapy stock out of their cancer regimen drugs during the course of their treatment (Fig 3) . Capecitabine, carboplatin, cisplatin, docetaxel, doxorubicin, gemcitabine, fluorouracil, methotrexate, and trastuzumab stock outs affected patients receiving therapy in 2016 (Fig 3) . Paclitaxel was out of stock during the treatment cycle for 37% of patients for whom it was prescribed. Of all patients who experienced a medicine stock out during treatment, 64% had a diagnosis of breast cancer. Of adjuvant chemotherapy cycle intervals that resulted in a suboptimal therapy delivery event, 42% occurred when there was a cancer medicine stock out, compared with 41% in the metastatic setting. The median and mean durations of stock out per treatment cycle interval for cancer medicines that were out of stock were 16 and 18 days, respectively (standard deviation, 13 days), with a range of 1 to 122 days. In stratified analyses of stockout duration by measured covariates, women, older patients, those receiving regimens used in the metastatic setting, and those receiving non-high-risk febrile neutropenia regimens were affected by medicines that had significantly longer durations of stock out (Table 2) . 
Impact on Therapy Delivery
In unadjusted analyses, each week of stock out (odds ratio [OR], 1.81; 95% CI, 1.62 to 2.02) was strongly associated with a suboptimal therapy delivery event. Additionally, risk of febrile neutropenia and cancer type were associated with a suboptimal therapy event at P , .1 and were included in our adjusted analysis. In contrast, there was no significant association between age, sex, stage, HIV status, intent of therapy, and suboptimal therapy delivery event.
As summarized in Table 3 , after adjustment for covariates, stock-out duration remained independently associated with a higher risk of a suboptimal therapy delivery event during the course of prescribed treatment. Every week of stock-out duration was associated with an almost two-fold increased risk of a suboptimal therapy delivery event (OR, 1.9; 95% CI, 1.7 to 2.13; P , .001). Our model also suggested that patients receiving treatment regimens for colon (OR, 6.34; 95% CI, 3.11 to 12.9; P , .001) or rectal cancer (OR, 7.07; 95% CI, 1.83 to 27.3; P = .004) were at the highest risk of an event after adjusting for stock out, whereas those with prostate cancer were less likely than their counterparts to experience a suboptimal therapy delivery event (adjusted OR, 0.24; 95% CI, 0.08 to 0.79; P = .019; Table 3 ).
DISCUSSION
Our study identified a high rate of cancer medicine stock outs affecting standard regimens for commonly treated cancers in Botswana. Those with breast cancer were the highest proportion of patients affected by cancer medicine stock outs. We found that a majority of patients experienced a cancer medicine stock out during their therapy, and each week of chemotherapy stock out conferred a 1.9-fold increased risk of experiencing suboptimal cancer treatment. Adjusting for risk of febrile neutropenia and type of cancer had no impact on the strong risk of experiencing a suboptimal treatment event.
Similar findings from SSA among HIV patients have identified ART stock outs as a barrier to initiation of therapy and retention in care among patients treated in Tanzania 22 and Cote d'Ivoire. 13 In cancer treatment as well, given that most cancer regimens are dosed every 2, 3, or 4 weeks, interruptions in cancer medicine supplies leading to erratic stock outs lead to significant gaps in adequate therapy delivery, as demonstrated by the results of our study. Outside the context of LMICs, other studies based on provider perspectives in the United States have reported that cancer drug shortages resulted in delays in chemotherapy administration or changes in regimens for patients seen in their respective institutions and also affected the conduct of clinical trials at 44% of the institutions surveyed. 23 Paclitaxel stock outs adversely affected therapy delivery for a significant proportion of patients with cancer, most of whom had breast cancer. Paclitaxel stock outs also confer potentially high financial costs to the health care system. A study from a New York City university hospital comparing periods of low drug shortages in 2010 with high drug shortages in 2011 showed a 69% significant decrease in 
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Journal of Global Oncologypaclitaxel use and an 80% increase in docetaxel use resulting from stock outs (P = .009 and .024, respectively), which resulted in an estimated 1,704% increase in cost, from $47.49 for paclitaxel to $858.39 for docetaxel substitution per patient for a complete regimen. 24 Regimens for colon and rectal cancers were independently associated with an increased risk of suboptimal therapy, whereas the converse was noted for regimens for prostate cancer. This association might be explained by the increased dosing frequency and once-every-two-weeks infusion visits required for some colon cancer regimens, compared with patients with prostate cancer receiving androgen-deprivation therapy, who receive doses every 1 or 3 months depending on the luteinizing hormone-releasing hormone agonist prescribed. However, not many patients in these groups were included in our analysis (7%, 2%, and 4% for colon, rectal, and prostate cancers, respectively), limiting our ability to draw any firm conclusions about this association.
Our analysis had several limitations. First, we present data on risk of suboptimal treatment per cycle, which does not convey the overall clinical impact per patient. However, our study builds upon previous work highlighting that these events lead to reduced relative dose-intensity and worse survival outcomes. 20, [25] [26] [27] [28] Our results highlight that patients with breast cancer comprise a majority of patients receiving systemic therapy at PMH and the highest proportion of patients affected by stock outs. Second, the data on chemotherapy stock outs are based on stock data available at the country's CMS. If a drug reported out of stock at CMS were still available at PMH pharmacy, we would have misclassified the interval as having a stock-out exposure. In general, this misclassification bias would result in bias toward the null, which means the actual risk for suboptimal treatment may have been even greater than we found in our analysis. Abbreviation: OR, odds ratio. *Insufficient data.
Journal of Global Oncology
Third, the population of patients studied only reflects those receiving systemic chemotherapy at PMH. Therefore, although cervical cancer is the most common cancer diagnosed among women in Botswana, these patients are underrepresented in our study, because a majority of these patients are referred to a private facility for concurrent chemoradiotherapy. Therefore, our data do not fully represent the impact of stock outs for patients diagnosed with cervical cancer in Botswana. Furthermore, our data are reflective only of patients who engage in therapy and therefore represent only a proportion of the disease prevalence of these cancers.
Finally, our analysis is limited by the inability to sufficiently adjust for certain covariates, such as sex, HIV status, and intent of therapy, because of the collinearity between female sex and breast and cervical cancers and male sex and prostate cancer; this is similar for palliative intent and HIVpositive status and Kaposi sarcoma, because all treatment regimens for Kaposi sarcoma are palliative. To address the issue of multicollinearity among covariates, only one of these variables was included in our adjusted analysis. For instance, sex and HIV status were not included in our multivariable analysis but were included the primary cancer diagnoses. As a result of multicollinearity, we could potentially have missed additional independent predictors of suboptimal therapy delivery, such as HIV status, in our analysis.
Our study has several strengths. Although some studies have highlighted the magnitude of the essential medicine shortages in developing countries, 29 most of these have been conducted among patients with communicable diseases. Additionally, prior studies on stock outs and cancer therapy delivery globally have been survey-based perspectives of medical providers and oncologists in developed countries and have not quantified individual patient risk per treatment cycle when there is a specific cancer medicine stock out. In contrast, our analysis considered different types of stock out that may or may not have affected therapy delivery by analyzing the specific pattern of cancer medicine stock out in relation to a given cycle interval. These data were also critical in estimating that 1-week duration of cancer medicine stock out may be deemed clinically meaningful and is correlated with a significantly high risk of inadequate therapy delivery.
The findings reported in our study are likely generalizable to other countries in SSA where breast cancer is either the most common or second most common cancer diagnosed among women and represents a vulnerable population most affected by stock outs. Specifically, our study may be generalizable to other countries where cancer medicines are on respective national EMLs and provided free of charge to patients through the public sector but frequently experience stock outs. In settings where the cost of cancer treatment is out of pocket, cost may be a more significant barrier to care, or the effect may be multiplicative. For instance, studies have shown that stock outs not only pose a barrier to care but also subsequently increase the cost of care for patients seeking malaria treatment. 15 Our analysis of the impact of essential cancer medicine stock outs in an understudied population provides critical data and an essential framework for evaluating barriers to receipt of timely and high-quality cancer treatment, especially in LMICs, where current efforts to scale up access to cancer medicines are under way. Our results show that stock outs undermine investments in health for cancer treatment and have potentially adverse effects on clinical outcomes. An analysis of how cancer medicine stock outs affect survival outcomes will be performed in future studies. Our research adds to the current literature on the magnitude and impact of cancer medicine stock outs in LMICs and raises awareness of similar challenges faced in the continuum of care for patients with cancer. Current systems and innovative interventions in LMICs that have shown success in minimizing stock outs in other disease areas should be scaled up to address stock outs of cancer medicines. However, given the complexity of chemotherapy ordering for different cancer types, a concerted effort between policymakers and cancer specialists is needed to design implementation strategies to build sustainable systems promoting a reliable supply of cancer medicines. Gemcitabine + carboplatin 1 (9) Gemcitabine 1 (9) Paclitaxel 1 (9) 
